Arterial pressure waves were recorded noninvasively from the carotid, radial, femoral, or all three of these arteries of 1,005 normal subjects, aged 2-91 years, using a new transcutaneous tonometer containing a high fidelity Millar micromanometer. Waves were ensemble-averaged into age-decade groups. Characteristic changes were noted with increasing age. In all sites, pulse amplitude increased with advancing age (carotid, 91.3%; radial 67.5%; femoral, 50.1% from first to eighth decade), diastolic decay steepened, and diastolic waves became less prominent. In the carotid pulse, there was, in youth, a second peak on the downstroke of the waves in late systole. After the third decade, this second peak rose with age to merge with and dominate the initial rise. In the radial pulse, a late systolic wave was also apparent, but this occurred later; with age, this second peak rose but not above the initial rise in early systole, even at the eighth decade. In the femoral artery, there was a single systolic wave at all ages. Aging changes in the arterial pulse are explicable on the basis of both an increase in arterial stiffness with increased pulse-wave velocity and progressively earlier wave reflection. These two factors may be separated and effects of the latter measured from pressure wave-contour analysis using an "augmentation index," determined by a computer algorithm developed from invasive pressure and flow data. Changes in peak pressure in the central (carotid) artery show increasing cardiac afterload with increasing age in a normal population; this can account for the cardiac hypertrophy that occurs with advancing age (even as other organs atrophy) and the predisposition to cardiac failure in the elderly. Identification of mechanisms responsible offers a new approach to reduction of left ventricular afterload. (Circulation 1989;80:1652-1659 
lthough the arterial pulse is the most fundamental of physical signs and has been used by clinicians for hundreds of years, it was not until the last century that the contour of the pressure pulse was first recorded noninvasively in humans. The sphygmograph introduced by Marey in 18601 was sufficiently simple to be applied in clinical practice; this was done by Mahomed,2 who, utilizing the instrument, first described the clinical entity of essential hypertension, and by Mackenzie,3 who described changes in both pulse contour and rhythm observed in his general practice. This early work on pulse-contour recordings was soon eclipsed by the introduction of the now ubiquitous sphygmo-manometer. Despite classic texts on the pressure pulse contour by Mackenzie3 and by Wiggers, 4 written in the early twentieth century, the sphygmomanometer was readily embraced as being more ,"scientific" because it was able to quantify blood pressure in terms of systolic and diastolic numbers. This ascendancy of sphygmomanometric values was also due to an absence of theory to describe or interpret the pulse contour, an inability to use pulse recordings usefully in clinical practice, and to problems with artifacts inherent in the available mechanical recording systems. Thus, the use of the sphygmograph in describing pressure-pulse waves declined, even as Einthoven's electrocardiograph was being quickly accepted for its description of waves of electric activity.
With subsequent clinical use of the sphygmomanometer, brachial arterial pressure has been described in terms of the two extremes between which it fluctuates, the systolic and diastolic pressures, and aging changes characterized as an increase in systolic pressure with little change in diastolic pressure within the brachial artery. 5 Furthermore, it has been assumed that such change is the same in representative waveforms from individuals of similar age. Subjects with heart rates greater than 100 beats/min were excluded to avoid excessive truncation of the age-decade wave (to that of the subject with the shortest heart period) during the averaging process.
Carotid waveforms were further analyzed to measure the "shoulder" and "peak" of the waves. Such analysis of wave contour has been done previously by Murgo et al0 and Takazawa"l for invasively recorded ascending aortic waves and, also, by Fujii et a112 for noninvasively recorded waves. We defined the augmentation index for each wave as the ratio of height of the peak above the shoulder of the wave to the pulse pressure ( Figure  2 ). This can be done from visual inspection as has been used previously.10-12 Such identification, however, can be highly subjective because the shoulder is often not a clearly defined point but sometimes a less well defined plateau region on the systolic upstroke. We, therefore, chose to identify the shoulder automatically from the time derivative of the pressure wave, as herein described.
Measurement and Justification of Augmentation Index
From invasive ascending aortic pressure and flow velocity data previously reported,'3 we have noted there exists a correspondence between the peak of flow and the shoulder of pressure. The shoulder of the pressure wave is defined as the first concavity on the upstroke of the wave and separates the initial pressure rise from the late systolic peak that occurs in middle aged and older subjects.10 A computer algorithm was written to identify this shoulder in a more objective, automated way than visual inspection by using time derivatives of the pressure wave. Reanalysis of the invasive data was performed to ascertain the relation between the shoulder of the Second zero crossing in same direction (from above to below) corresponds to beginning of second wave, which is close to peak offlow (BB).
ascending aortic pressure wave, the time derivatives of pressure, and the peak of simultaneously recorded flow. The simultaneously recorded pressure and flow-velocity data were digitized at 0.01-second intervals and were plotted with the first four derivatives of pressure. When plotted against pressure derivatives, the timing of the shoulder was reliably indicated by a local minimum in the first derivative that was in the range from 0 to 50 msec of the peak of flow (the mean estimate from interpolation between sample points determined from 13 patients) being 27 msec once correction had been made for the frequency response of the flowmeter (10 msec). To simplify the algorithm for detection of this point, higher-order derivatives were used to identify the zero-crossing point equivalent to the local minimum of the first derivative. The first zero crossing of the fourth derivative (in a direction from above to below the zero line) corresponded to the beginning of the pressure wave upstroke (line AA, Figure 3 ). The second zero crossing in the same direction corresponded to the shoulder at the beginning of the second wave, which constituted the late systolic peak (line BB, Figure 3) . A good correlation was found between the time to the second zero crossing of the fourth derivative (x) and the timing of the peak of flow (y) in the patients studied (y=0.91+1.31x; R=0.75). Such a relation between peak flow and the shoulder of the pressure wave is to be expected if the shoulder of the wave indicates the pressure rise resulting from peak flow input into the vasculature before the effects of wave reflection.10"13,'4 Hence, we decided to use the algorithm as described to (Figure 4) . The radial pulse contour in children shows multiple prominent fluctuations. With advancing age, these become less distinct and the systolic peaks progressively broader, although the maximum still usually occurs in early systole. In contrast, the carotid wave recorded in 407 subjects shows not so much a broadening but the emergence of the late systolic peak, which determines the systolic pressure level ( Figure 5 ). With increasing aging, the principal change in the carotid pulse is a progressive rise in the second systolic peak that, after the third decade, merges with and dominates the initial rise. The femoral waveforms ( Figure 6 ) also show a progressive rise in the systolic wave and loss of any diastolic wave.
The amplitude (pulse pressure) of the carotid wave increases by 91.3% from the first to eighth decade compared with a 67.5% increase in the radial pulse and a 50.1% increase in the femoral pulse. This greater increase is due to change in two parts of the carotid wave. After the third decade of life, a late systolic peak becomes dominant, which adds to the initial pressure rise and so defines the shoulder on the upstroke of the wave. The total 91% increase in carotid pulse pressure from the first to the eighth decade is due to an increase in both the rise to this initial shoulder (by an average 20 mV units or 53% of the increase) and the height of the late peak above the shoulder (averaging 18 mV units) ( measured by the algorithm developed using invasive aortic pressure and flow data. When this algorithm was applied to the carotid wave age-decade data, it was found that although the timing of the shoulder was within 14 msec for all eight decades (range, 102-116 msec, after the onset of systole), the height of the shoulder and the late peak both showed a substantial increase with age. (Table 1 ). The height of the shoulder increased from 39 to 59 mV units above diastolic pressure from the first to the eighth decade, whereas the late peak increased from less than 1 to 19 mV units above the shoulder. The corresponding augmentation index increased from 1.6% to 24.1%.
Changes in pressure-pulse contour are due to changes in the systemic vasculature itself or to differing flow input into the vasculature from the heart. Previous studies have shown that at rest there is little change in stroke volume or ejection fraction with increasing age.15 Aortic flow-velocity profile does not alter in contour with increasing age, aortic flow were taken from the suprasternal notch (where sampling was done near the inner curvature at the aortic root), the right parasternal, and the apical positions. Signals analyzed were those that gave the best delineated velocity profile at any of the three positions. As has been found by other workers, ejection time remained constant with increasing age, although peak flow velocity and acceleration did decline with increasing age (Table 2 ). As will be discussed, the changes in pressure wave contour with increasing age are explicable mainly on the basis of changes in the systemic vasculature with increasing age because there were few changes in flow input into the system as detected by ascending Doppler flow measurements ( Figure 7 ).
Discussion
These characteristic age-decade pulse waveforms represent the largest sample of noninvasive recordings of the pulse yet made in human subjects. The accuracy of the recordings is dependent on both the principle of applanation tonometry, which is based on well established theory,8 and also the use of high fidelity Millar micromanometers incorporated into the tip of the probes. The technique has been shown to be accurate in registering intra-arterial pressure waves as compared in the time domain and by spectral analysis.9 Previous noninvasive pulse recordings have used wave tracings obtained by displacement of a volume of air or fluid contained in a capsule fixed over the arterial pulsation. ' The changes in the femoral pulse with age are characterized by a progressive increase in the size of the systolic peak with a resultant increase in pulse pressure, whereas diastolic fluctuations diminish. There are no secondary systolic fluctuations in the femoral pulse. In contrast, the carotid and radial waves show an increase in pulse amplitude with age, as well as important changes in the contour of secondary systolic fluctuations. The averaging process used to obtain age-decade waveforms resulted in obvious smoothing of high frequency components of the wave such as the incisura. Nevertheless, there is still a clear change in pressure wave contour with increasing age. There is a progressive rise in a late systolic fluctuation in both so that it becomes the late peak of pressure in the carotid artery after the third decade, and that becomes equal to the initial pressure peak in the radial pulse at the eighth decade. The result is a greater increase in carotid pulse pressure with increasing age than in either of the peripheral pulses because, in the carotid, the late peak is added to the initial pressure rise. The rise in this late systolic fluctuation in both the radial and carotid pulses is explicably due to faster return of wave reflection from the lower body. Such altered timing of wave reflection has been discussed at length elsewhere and is largely responsible for the suboptimal coupling of the vasculature to left ventricular function that is known to occur with increasing age.14 As aging occurs, there are dramatic changes in the vasculature that increase cardiac afterload.14,19 Both nonpulsatile (peripheral resistance) and pulsatile (characteristic impedance and wave reflections) components of arterial load increase with increasing age. The age-related increase in left ventricular pressure load is primarily due to increased aortic stiffness (characteristic impedance) that increases aortic and left ventricular pressure at its early systolic peak or shoulder and secondarily due to augmented early wave reflection that raises pressure from the shoulder to the late systolic peak.10"4 The results in Table 1 show these two effects on the carotid pressure pulse as they increase from the first compared with the eighth decade. In the intervening years, however, the increase in pulse pressure with increasing age is primarily due to an increase in wave reflection (height of the late systolic peak). Although the 20-mV-units increase in shoulder height across the full age spectrum is consistent with the known increase in aortic stiffness of large arteries with increasing age, its constancy in middle age may be explained by the concomitant decrease in peak velocity that occurs with increasing age.'6 Although, in middle years the progressive increase in arterial stiffness is balanced by a gradual decrease in peak flow from the heart, with the passage of time, the degenerative vascular changes are greater and, by the seventh and eighth decades, there is an increased characteristic impedance and consequent increased height of the shoulder above diastolic pressure. This study shows that, with increasing age, increased aortic stiffness and increased early wave reflection contribute approximately equally to ventricular load as assessed by the central pressure pulse (20 versus 18 mV units) .
The increase in the late systolic pressure peak with increasing age is substantial and represents an increase of 25% of pulse pressure in the carotid artery between the ages of 30 and 60 years ( Figure 55 65 75+ index for carotid 8) . This may be compared with previous data of Murgo et al10 and Takazawa"l for invasive data from the ascending aorta. These two studies show a 40% increase in pulse pressure between the ages of 30 and 60 years ( Figure 9 ). Comparison of Figures 8  and 9 shows that although the carotid pressure pulse tends to underestimate the magnitude of agerelated changes, the carotid pulse detected by applanation tonometry is a good noninvasive guide to events in the central aorta.
The relevance of these pressure changes to left ventricular afterload is apparent when one considers known changes in left ventricular structure and function with increasing age. The increase in the late systolic peak in the carotid pulse occurs from the third decade onward, which is the same time at which the age-related increase in left ventricular mass commences. 20, 21 This increase in mass with increasing age is accompanied by changes in left ventricular function.22 Furthermore, recent studies have shown that the increased ventricular load and suboptimal ventricular-vascular coupling represented by these pressure-pulse changes are, at least in part, reversible by the use of nitroglycerin, which reduces the reflected wave component.13,23-24 These characteristic age-related changes in the pulse waveform have established a profile of normalaging changes that will allow the effects of disease states to be more precisely defined. The increase in systolic and pulse pressure, particularly in the central carotid pulse, have important implications for the aging population. Increase in peak systolic pressure and increased pulsation around the mean pressure level result in increased cyclic stresses on the structure of arterial walls and account for the propensity of large arteries to rupture or develop atheromatous occlusive disease with increasing age. 25 The findings in this study concur with previous epidemiologic data, showing the importance of systolic pressure as a risk factor for cardiovascular morbidity and mortality with advancing age.26 '27 In addition, these findings provide important answers to the question posed by the most recent of these studies,28 regarding the determinants of systolic pressure levels in both central and peripheral arteries.
Furthermore, the fact that the radial pulse shows different but complementary changes to those in the carotid pulse has important implications for diagnostic approaches and treatment. It is clear that the increase in radial (and femoral) systolic pressures underestimate the age-related rise in central systolic pressure because it does not include the characteristic rise in the late systolic peak seen in the central arteries of mature adults. Hence, in subjects aged 40-70 years, measurements of sphygmomanometric pressure might substantially underestimate the effect of vasoactive drugs on ventricular afterload because a reduction in the late carotid pressure peak might occur with little or no change in peripheral systolic pressure. This is because, in the peripheral pulse, the reflected wave is on the downstroke of systole rather than at its peak and, although reduced by vasoactive drugs, it has little effect on peak systolic pressure. On the other hand, further investigation is warranted to see if a predictive index of central systolic pressure changes might be obtained from analysis of the late systolic fluctuation in the peripheral (radial) pressure pulse waveform.
The determination of age-related changes in the arterial pulse by high fidelity applanation tonometry, thus, provides important supplementary information to that obtained by use of the sphygmomanometer. The use of this modern-day sphygmograph enhances new investigations of the ill effects of aging and disease states on cardiovascular function and extends the earlier observations of 
